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The complete cDNA for a human mitochondrial protein designated P1, which was previously identified as a
microtubule-related protein, has been cloned and sequenced. The deduced amino acid sequence of P1 shows
strong homology (40 to 50% identical residues and an additional 20% conservative replacements) to the
65-kilodalton major antigen of mycobacteria, to the GroEL protein of Escherichia coli, and to the ribulose
1,5-bisphosphate carboxylase-oxygenase (rubisco) subunit binding protein of plant chloroplasts. Similar to the
case with the latter two proteins, which have been shown to act as chaperonins in the posttranslational assembly
of oligomeric protein structures, it is suggested that P1 may play a similar role in mammalian cells. The
observed high degree of homology between human P1 and mycobacterial antigen also suggests the possible
involvement of this protein in certain autoimmune diseases.

Our earlier studies with mutants of Chinese hamster ovary
(CHO) cells selected for resistance to the microtubule (MT)
inhibitor podophyllotoxin showed that a large number of
these mutants involved specific electrophoretic alteration in
a major protein designated P1 (Mr, 63 kilodaltons [kDa]) (6,
7). The genetic lesion in these mutants appears to be related
to the cellular action of the drug, since podophyllotoxin-
resistant mutants exhibit highly specific cross-resistance and
collateral sensitivity to other MT inhibitors, such as colchi-
cine, nocodazole, and taxol, and show reduced binding of
the drug in cell extracts (6, 7). Immunofluorescence studies
show that in interphase cells of vertebrate and invertebrate
species, P1 antibody stains mitochondria, which show spe-
cific association with MTs (5, 7). Subfractionation of rat
mitochondria has localized P1 to the matrix compartment
(4). To help understand the cellular function of P1, cloning
and sequencing of P1 cDNA from human cells was under-
taken. The P1 sequence reported here shows extensive
sequence and structural homology to a family of bacterial
and plant proteins, termed chaperonins (8), which are in-
volved in facilitating the posttranslational assembly of oligo-
meric protein complexes (1, 3, 8), as well as to the 65-kDa
major antigenic protein of mycobacterial species (15, 18-20).
The observed high degree of sequence and structural simi-
larity between these proteins strongly indicates that P1 is the
human homolog of this evolutionarily highly conserved
group of proteins.

Isolation of Pl-specific clones from kgtll libraries. We have
previously demonstrated that our antibodies to P1 cross-
react only with the P1 protein in one- and two-dimensional
immunoblots of proteins from CHO and human cells (5, 7).
In view of this, a Xgtll cDNA library constructed from
poly(A)+ RNA from human HL-60 cells was screened by
using P1 antiserum that had been preadsorbed to Escherichia
coli proteins to remove any cross-reacting antibodies (11).
From a total of 5 x 105 recombinant bacteriophage, eight
Pl-reactive clones, with inserts ranging from about 1.0 to 1.4
kilobase pairs (kbp), were identified. One clone, X22a, con-
taining a 1.4-kbp insert, was chosen for further studies. X22a
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phage DNA was lysogenized in E. coli BNN103, and cell
extracts from the lysogen were examined for the presence of
a P-galactosidase-Pl fusion protein (Fig. la). In control cell
lysates, a major band with the same mobility as P-galactosi-
dase (Mr, -114 kDa) was observed. In contrast, BNN103
lysogenized with X22a contained an apparent fusion protein
band of higher Mr (-150 kDa) which cross-reacted with the
P1 antibody. In the same experiment, an extract from CHO
cells showed specific cross-reactivity with a single protein of
Mr 63,000, as expected.
To confirm that X22a cDNA contained P1-specific se-

quences, the 150-kDa fusion protein was used to affinity
purify antibodies from the original polyclonal serum. The
purified antibody showed specific cross-reaction with a
single protein of Mr 63,000 in CHO extracts, which was
identical to that observed by using the original P1 antibody
(Fig. lb). Furthermore, the affinity-purified antibody also
showed specific binding to mitochondria in immunofluores-
cence experiments, as was observed with the polyclonal
antibody (results not shown).

In Northern (RNA) blot analysis of total RNA from either
CHO or human cells, the 1.4-kbp cDNA insert from X22a
hybridized to a single mRNA of approximately 2.3 kbp (Fig.
lc). Nucleotide sequence analysis of the 1.4-kbp insert
showed that it consisted of 1,485 bp, including a 3' poly(A)
tail, which indicated that it represented the 3' end of P1
cDNA. Full-length cDNA was obtained from another HL-60
cDNA library, screened by using the 1.4-kbp probe. The
clones obtained contained two EcoRI fragments, of approx-
imately 1.4 and 0.8 kbp, of which only the 1.4-kbp fragment
hybridized with the X22a probe. Both fragments hybridized
to an mRNA of 2.2 to 2.3 kbp in Northern blots (results not
shown). One of these clones, XC5, was chosen for further
investigations.

Nucleotide sequence of P1 cDNA. The complete nucleotide
sequences of X22a and XC5 were determined in both direc-
tions by using nested sets of deletions and oligonucleotide
primers (Fig. 2). The cDNA insert in XC5 consisted of 2,242
nucleotides (nt) (-45 to 2197, where the A of the initiation
codon is numbered 1), with an internal EcoRI site at nt 712.
The nucleotide sequence of X22a was identical to the 1,485 nt
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FIG. 1. Expression of recombinant ,B-galactosidase-P1 fusion protein in E. coli. (a) BNN103 cells lysogenized with either recombinant

(X22a) (lanes 1 and 1') or nonrecombinant Agtll (lanes 2 and 2') were heat heat-induced, and cell extracts were analyzed on 7.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, followed by staining with Coomassie blue (lanes 1 to 3) or immunoblotting with a 1:500
dilution of P1 antibody (lanes 1' to 3'). Lanes 3 and 3', CHO cell extract used as a reference for P1 antibody cross-reactivity. Positions of
fusion protein (FP), P1, and P-galactosidase (3G) are marked. (b) Confirmation of X22a clone by antibody selection. Antibodies from the P1
antiserum which bound to the 150-kDa fusion protein were isolated, and their reactivities with proteins from CHO cell extracts were
compared. Lanes: 1, affinity-purified antibody; 2, original nonpurified antibody. (c) Northern blot analysis of P1 transcript in HeLa cells, using
the X22a (1.4-kbp) cDNA probe. Positions of 28S and 18S rRNA are marked.

downstream of the internal EcoRI site in clone XC5. The
DNA sequence contains a single long open reading frame of
1,764 nt starting at the first base (nt -45). The termination
triplet after 1,764 nt is followed by several additional termi-
nation signals in the same frame. At the 3' end of the
sequence, a 15-nt poly(A) tail is observed, preceded by a
polyadenylation consensus sequence AATAAA present 15
nt upstream. The first ATG in the sequence (nt 1 to 3) likely
constitutes the P1 initiation codon. It is flanked by sequence
commonly found in eucaryotic mRNA translation initiation
sites (G at nt -3 and -6, C at nt -5, -7, and -8, and
absence of T between nt -17 and -1; 12), and the 26 amino
acids encoded downstream of this ATG are characteristic of
leader sequences from mitochondrial proteins (presence of
Ser, Thr, and basic but not acidic residues) (16). The
presence of a mitochondrial targeting sequence in the de-
duced sequence is in accordance with the subcellular local-
ization of P1, and its size (Mr, 3.1 kDa) is consistent with the
difference (-3 kDa) between precursor and mature forms of
P1 (4). Thus, human P1 mRNA encodes a 573-residue (Mr,
61,049; predicted pl, 6.3) precursor of P1. If the mitochon-
drial leader sequence is cleaved after Tyr-26, then mature P1
consists of 547 amino acids (Mr, 57,939; predicted pl, 6.0).
Homology of P1 to the chaperonin family of proteins. The

deduced amino acid sequence of P1 shows a high degree of
similarity to that of the GroEL protein of E. coli (8), the
65-kDa major antigen of mycobacteria (Mycobacterium lep-
rae, M. tuberculosis, and M. bovis BCG) (15, 18-20), and to
the rubisco (ribulose 1,5-bisphosphate carboxylase-oxygen-
ase) large-subunit binding protein of plant chloroplasts (8)
(Fig. 3A). Similarity between these proteins begins at resi-

due 27 of P1, which supports the notion that Met-1 to Tyr-26
evolved as a leader sequence for mitochondrial targeting.
The degree of sequence conservation between any two of
these proteins is very similar: "40 to 50% of residues are
identical, and an additional "20% are conservative replace-
ments. In the multiple-sequence alignment, 28% of the
residues are identical among all four proteins. The alignment
score of any pair is about 50 standard deviations greater than
the mean alignment score of corresponding randomized
sequences. This high degree of statistical significance indi-
cates that the similarity between these proteins represents
homology by common descent. Given the long period since
common ancestry of chloroplasts, mitochondria, and bacte-
ria (>1 billion years; 17) and the high degree of homology,
these proteins likely carry out a similar, primitive, and
important function in these divergent species. Alignment of
the predicted secondary structures of these proteins shows
similar patterns of a helix interrupted by 13 sheet (Fig. 3B),
which indicates that the overall structure of these proteins in
various species is highly conserved.
The bacterial and plant proteins homologous to P1 display

a number of common characteristics (8), including (i) high
abundance, (ii) induction by heat shock, (iii) homo-oligo-
meric structure of either 7 or 14 subunits which reversibly
dissociate in the presence of Mg2" and ATP, (iv) ATPase
activity, and (v) an essential but transient role in the correct
folding and assembly of oligomeric protein structures. The
last of these characteristics has led Ellis and co-workers (1,
8) to propose that these proteins, which are not part of the
assembled complex, function as molecular chaperones
within cells, i.e., proteins whose main function is to assist
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FIG. 2. Nucleotide and deduced amino acid sequences of the human P1. Numbers on the left refer to the nucleotide sequence relative to

coordinate 1 at the beginning of the putative initiation codon. The amino acid sequence is numbered starting with 1 at the same point. The
5' extension of this reading frame is shown in one-letter code. The position of the internal EcoRI site (nt 712), which marks the beginning of
the X22a sequence, is indicated. The polyadenylation signal 15 nt from the A tail at the 3' end is underlined. The putative mitochondrial
targeting sequence at the N-terminal end and a keratinlike (9) amino acid sequence at the C-terminal end containing repeats of Gly-Gly-Met
are boxed. Positively charged amino acids in the leader sequence are identified (+).
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FIG. 3. (A) Multiple-sequence alignment of P1, GroEL (8), the 65-kDa major antigen from M. bovis BCG (20) (65K), and the rubisco
large-subunit binding protein (Rub BP) from wheat (Triticum aestivum) (8). Residues identical to the corresponding P1 sequence are indicated
by dots. Positions with identical residues in three or all four proteins are boxed with single or double lines, respectively. To indicate
conservative changes based on amino acid similarity or common codon replacements, an ad hoc grouping of residues was used. Positions in
which all four amino acids belong to one of the following groups are also boxed with a single line: (F, I, L, M, V), (F, Y, W), (H, N, Q), (D,
E, G, N, Q, S, T), (K, R), or (A, P, G). Gaps in the sequence alignment are indicated by dashes. (B) Comparison of the secondary-structure
predictions of P1, GroEL, M. bovis 65-kDa protein (65K), and the rubisco large-subunit binding protein (Rub BP). Structures predicted by
the method of Gamier et al. (2) (a helix [E], P sheet [L], and turns [M] are aligned as shown in panel A but without gaps.

other polypeptides to maintain or to assume conformations
that permit their correct assembly into oligomeric structures.
The bacterial-chloroplast-mitochondrial class of molecular
chaperones was termed the chaperonin family (8). Similar to
its bacterial and plant homologs, P1 is an abundant cellular
protein which, in its native form, seems to exist as a
homo-oligomer of seven subunits (approximate Mr of
440,000, as determined by gel filtration and sucrose density
gradient centrifugation) and shows ATPase activity (unpub-
lished results). These observations, together with the ob-
served extensive sequence and structural similarity of P1 to

the bacterial and plant chaperonins, strongly indicate that
the mammalian P1 protein is a member of this highly
conserved family of proteins. Although this is the first report
regarding cloning and sequencing of the chaperonin gene
from mammalian cells, McMullin and Hallberg (13, 14) have
previously identified a 58-kDa heat shock protein (hsp58) in
the mitochondria of Tetrahymena thermophilia which is
antigenically and morphologically related to the GroEL
protein. In view of the cross-reactivity of hsp58 antibodies
with a similar-sized protein in mitochondria of various
species (Saccharomyces cerevisiae, Xenopus laevis, Zea

B
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mays, and human cells), it is likely that hsp58 is identical to
P1. Very recently, Waldinger et al. (22) reported the partial
(36 amino acids from the N-terminal end) amino acid se-
quence of a protein from human lymphocytes which moves
in two-dimensional gels in the same position as does the
mature P1 protein. The reported sequence shows complete
homology with the deduced amino acid sequence of human
P1 protein from positions 27 to 62, which indicates strongly
that the protein being studied is identical to the P1 protein.
The observed homology beginning with residue 27 in P1
supports our contention that the first 26 amino acids in the P1
sequence shown in Fig. 2 and 3 specify a mitochondrial
targeting presequence which is cleaved during maturation of
the protein. We suggest that P1, because of its mitochondrial
localization and homology to chaperonins, be named mito-
nin.
At present, the exact biological role of P1 in mammalian

systems is not clear. Although our genetic and biochemical
studies (see introductory paragraph and references 4 to 7)
point toward its possible involvement in in vivo MT assem-
bly and function, how a protein located in the matrix
compartment could interact with MTs remains very puzzling
and unclear. Considering its localization in mitochondrial
matrix and strong similarity to the chaperonins, a role of this
protein in the assembly and function of mitochondrial en-
zyme complexes (e.g., pyruvate dehydrogenase, ATPase,
and cL-ketoglutarate dehydrogenase) also seems likely. It
should be mentioned that antibodies and T-cell clones reac-
tive with the 65-kDa major mycobacterial antigen are com-

monly observed in humans infected with either M. leprae or

M. tuberculosis or immunized with the vaccine strain M.
bovis BCG. The extensive homology of human P1 to this
bacterial antigen suggests that immune reaction with P1
could play a role in development of certain autoimmune
diseases (10, 21, 23). Therefore, further studies on the
cellular function of this highly conserved protein and its
possible role in immune and autoimmune reactions are of
great interest.
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